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SUMMARY

Super-resolution microscopy requires that subcel-
lular structures are labeled with bright and photosta-
ble fluorophores, especially for live-cell imaging.
Organic fluorophoresmay help here as they can yield
more photons—by orders of magnitude—than fluo-
rescent proteins. To achieve molecular specificity
with organic fluorophores in live cells, self-labeling
proteins are often used, with HaloTags and SNAP-
tags being the most common. However, how these
two different tagging systems compare with each
other is unclear, especially for stimulated emission
depletion (STED) microscopy, which is limited to a
small repertoire of fluorophores in living cells. Herein,
we compare the two labeling approaches in confocal
and STED imaging using various proteins and two
model systems. Strikingly, we find that the fluores-
cent signal can be up to 9-fold higher with HaloTags
than with SNAP-tags when using far-red rhodamine
derivatives. This result demonstrates that the label-
ing strategy matters and can greatly influence the
duration of super-resolution imaging.

INTRODUCTION

Super-resolution fluorescence microscopy, also called ‘‘nano-

scopy,’’ enables the visualization of cellular structures beyond

the diffraction limit of light (Fornasiero and Opazo, 2015; Hell,

2007; Huang et al., 2009; Toomre and Bewersdorf, 2010; van

de Linde et al., 2012). However, unlike electron microscopy,

whose application is limited to fixed cells, nanoscopy enables

live-cell imaging to study cellular dynamics in unprecedented

spatial detail. Green fluorescent protein (GFP) and its spectral

variants (Uno et al., 2015) have revolutionized biology, as they

allow genetically encoded labeling, but they possess mediocre
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photophysical properties, generally emitting fewer photons

than the best organic dyes by one or two orders of magnitude

(Dempsey et al., 2011; Fernandez-Suarez and Ting, 2008). While

this deficiency may not be limiting for a single confocal image or

even an image stack, the demands of nanoscopy are much

greater, as every photon counts to obtain the highest resolution.

Similarly, for 3D time-lapse fluorescence microscopy (4D imag-

ing), which involves the acquisition of large datasets, corre-

spondingly brighter and more stable fluorophores are required

to study the volumetric dynamics of cells and tissues over longer

timescales.

For both super-resolution imaging and 4D imaging, organic

fluorophores are highly appealing because of their brightness

and photostability (Dempsey et al., 2011; Fernandez-Suarez

and Ting, 2008). Organic fluorophores can be attached to pro-

teins by combining click chemistry with unnatural amino acid

incorporation (Lang et al., 2012a, 2012b). A second option is

the direct coupling to proteins in live cells by using self-labeling

proteins such as SNAP-tags (Keppler et al., 2003) (or a variant

called CLIP-tag; Gautier et al., 2008) and HaloTags (Los et al.,

2008). Alternatively, labeling can be achieved by combining click

chemistry and self-labeling proteins (Murrey et al., 2015). Like

GFP, these self-labeling SNAP-tags and HaloTags can be ex-

pressed as fusion proteins (Hinner and Johnsson, 2010) and

selectively reacted with the substrates benzylguanine (BG) and

chloralkane (CA), respectively, which are taggedwith organic flu-

orophores. While this labeling strategy is becoming increasingly

popular for super-resolution imaging (Bottanelli et al., 2016,

2017; Grimm et al., 2015; Stagge et al., 2013; Xue et al., 2015),

especially since several commercial fluorescent SNAP and

HALO ligands are available, it is unclear if these different tags in-

fluence the fluorescence properties of organic dyes, thereby

possibly affecting image quality.

Herein, by conducting quantitative comparisons of SNAP and

Halo tagging, we present strong evidence that the tag, its molec-

ular targeting location, and its environment can have a major

impact on the brightness of the introduced fluorophores. The dif-

ference in brightness can be striking—by nearly an order of

magnitude—indicating that the labeling strategy matters greatly
uthors. Published by Elsevier Ltd.
commons.org/licenses/by/4.0/).
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Figure 1. Comparison of Golgi Labeling with

HaloTag and SNAP-tag Fusion Proteins of

Sialyltransferase

(A) Top: Scheme of the labeling procedure. Bottom:

Confocal images of live HeLa cells that have been

treated as described in the scheme above. The

white arrowheads indicate cells that express

ManII-GFP and have been labeled with SiR-CA or

SiR-BG. Scale bar: 20 mm.

(B) Quantification of cells expressing ManII-GFP

that are positive for SiR from three independent

experiments (ST-Halo, 740 cells in total; ST-SNAP,

837 cells in total).

(C) Fluorescence intensity distribution of HeLa cells

that were incubated with SiR-CA or SiR-BG and

that are transiently expressing ST-Halo-HA, ST-

SNAP-HA, or no fusion protein. The number of

cells (n) analyzed is indicated in the plot.
and can have a profound impact on image quality and duration

by 4D confocal microscopy and stimulated emission depletion

(STED) nanoscopy.

RESULTS AND DISCUSSION

SiR Labeling of ST-Halo Tag Is Brighter Than that of
ST-SNAP
We first compared HaloTag and SNAP-tag systems in cells

transiently co-expressing mannosidase II (ManII)-GFP (Velasco

et al., 1993) and sialyltransferase (ST; Kweon et al., 2004) fused

to either the HaloTag or the SNAP-tag at its C terminus (Fig-

ure S1). Cells were labeled with Halo or SNAP ligands conju-

gated to the near far-red fluorophore silicon rhodamine (SiR):

SiR-CA and SiR-BG for HaloTags and SNAP-tags, respectively

(Lukinavicius et al., 2013) (Figure 1A). As expected, both Halo-

and SNAP-tagged ST colocalized with ManII-GFP at the Golgi

apparatus, as visualized by confocal microscopy. However,
Cell Chemi
the fluorescence of SiR was strikingly

much brighter for the Halo-tagged protein

than for the SNAP-tagged one. A visual in-

spection showed that 93% of ManII-GFP-

expressing cells were co-labeled with SiR

for the HaloTag condition, whereas only

32% of GFP-tagged cells showed co-la-

beling for SNAP-tag (Figure 1B), suggest-

ing that the majority of SNAP-tag cells

were unlabeled with SiR. However, a

quantitative analysis of hundreds of cells

indicated that most SNAP-tag cells were

indeed labeled, because they were clearly

brighter than control cells lacking SNAP-

tags and HaloTags, which could not be

labeled with SiR (faint pink distributions

in Figure 1C). The SNAP-tag cells were

just much more dimly labeled than the

HaloTag cells. The mean intensity of SiR

with HaloTag was 2.8-fold brighter than

with SNAP-tag, with both labeling sys-

tems showing expected Gaussian distri-
butions of SiR intensities (Figure 1C). This surprising difference

in brightness between the two popular tagging systems was

intriguing and warranted further investigation.

Ruling Out Transfection Efficiency, Substrate
Permeability, and Expression Levels
While potentially interesting, the observed difference between

SNAP- and Halo-tagged signals could be due to a number

of trivial explanations, including differences in the following:

(1) reaction rate between substrate and self-labeling protein,

(2) transfection efficiency, (3) cell permeability to the substrates,

and (4) expression level of the SNAP and Halo fusion proteins.

To exclude the first possibility that the reported difference in re-

action rates influenced labeling density, we confirmed that the

labeling reaction was complete under the conditions used (Fig-

ure S2). To address the other possibilities, we fused a hemag-

glutinin (HA) tag to the self-labeling proteins as an independent

reporter of expression. After labeling with SiR, cells expressing
cal Biology 26, 584–592, April 18, 2019 585



Figure 2. Investigation of Various Factors that Could Cause a Difference in Labeling Using SNAP-tags or HaloTags

(A) Scheme of labeling procedures used in (B)–(D).

(B) Plot showing the percentage of cells expressing ManII-GFP that have also been immunolabeled with an antibody against the HA tag in three independent

experiments (ST-Halo-HA, 463 cells in total; ST-SNAP-HA, 489 cells in total).

(C) Comparison of labeling efficiency of live and permeabilized cells using SNAP-tags and HaloTags from three independent experiments (ST-Halo-HA: live,

740 cells in total; fixed and permeabilized, 456 cells in total. ST-SNAP: live, 837 cells in total; fixed and permeabilized, 542 cells in total).

(D) Average fluorescence intensity of immunostained cells as described in (A).

(E) Intensity distribution in Drosophila egg chambers that are expressing Halo-SNAP-aPKC and have been labeled with SiR-CA or SiR-BG.
ST-Halo-HA or ST-SNAP-HA were fixed, permeabilized, and

incubated with a primary mouse antibody against HA, followed

by staining with a secondary goat anti-mouse antibody that

was labeled with Alexa 546 (Figure 2A). This allowed us to

determine the transfection efficiency independent of SiR label-

ing. The analysis of the immunolabeled cells showed that 98%

of the cells expressing ManII-GFP were positive for ST-Halo-

HA, while 91% were positive for ST-SNAP-HA (Figure 2B).

Thus, this modest difference in transfection efficiency cannot
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fully explain the large difference between HaloTag and SNAP-

tag labeling.

We next investigated whether differences in cell permeability

to the substrates could influence the labeling efficiency. To this

end, we tested the labeling of ST-Halo-HA and ST-SNAP-HA in

fixed and permeabilized cells—a condition that should negate

any potential difference in permeability between SiR-CA and

SiR-BG. As shown in Figure 2C, fixation and permeabilization

had only a small effect on the labeling efficiency (Figure 2C),



indicating that the 3-fold labeling difference seen in the live-cell

experiments of Figure 1 is not due to restricted permeability of

the SNAP substrate SiR-BG. We note that it is also unlikely

that permeability could affect labeling as the reaction was

performed with a large excess of substrate (2.5 mM) for 1 h

and, as shown in Figure S2, was largely complete under these

conditions.

Another trivial explanation for the difference in labeling bright-

ness could be that the expression levels of SNAP andHalo fusion

proteins were different. To address this issue, we quantified the

fluorescence intensity of the immunolabeling of the HA tag in all

cells used for the experiment shown in Figure 2B. Overall, the

cells expressing ST-SNAP-HA exhibited a 37% brighter immu-

nofluorescence signal than cells expressing ST-Halo-HA (p >

0.0001), indicating that the SNAP fusion protein is expressed

at a slightly higher level than the Halo fusion protein (Figures

2D and S3), contrary to the possibility that SNAP-tag labeling

might be dimmer because of a lower expression level.

To further support the above findings, we tagged aPKC

endogenously in Drosophila using CRISPR/Cas9 technology

with homologous recombination to make doubly tagged Halo-

SNAP-aPKC flies. aPKC is a kinase that localizes subapically

in the follicle epithelium that surrounds the egg chamber (Wodarz

et al., 2000). This experimental approach has two important ad-

vantages over the experiments described above using mamma-

lian cells: (1) the endogenous protein is tagged and (2) the double

tag ensures the same expression levels for Halo and SNAP tags.

To investigate the labeling differences in this system, we incu-

bated dissected, fixed ovaries with 600 nM either SiR-CA or

SiR-BG to label Halo-SNAP-aPKC. The tissues were imaged un-

der a confocal microscope (Figure S4). Analysis of the images re-

vealed strikingly different mean intensities of egg chambers

labeled with SiR-CA and SiR-BG. The mean intensity with

SiR-CA was 4.5-fold higher than that with SiR-BG (p < 0.0001)

(Figure 2E). This result is in line with the finding in Figure 1C

and unequivocally demonstrates that the difference in intensity

is not due to different expression levels of SNAP and Halo fusion

proteins.

Brightness of Labeling Depends on Protein of Interest
and Dye
Since we ruled out the above trivial explanations for the differ-

ence betweenHaloTag and SNAP-tag labeling, we hypothesized

that the brightness of the labeling might depend on environ-

mental factors. We, and others, have shown that the fluores-

cence intensity of carboxyl and hydroxymethyl SiRs correlates

with the hydrophobicity of their environment (Erdmann et al.,

2014; Lukinavicius et al., 2013, 2014; Takakura et al., 2017;

Uno et al., 2014): the more hydrophobic the environment (i.e.,

the lower its dielectric constant), the less fluorescent the dye.

In contrast, methyl SiRs do not show this environmental sensi-

tivity (Koide et al., 2011, 2012). However, since the methyl SiR

SNAP substrate led to considerable nonspecific labeling (Fig-

ure S5), we did not further investigate this version of the dye.

To investigate whether the labeling brightness depends on the

protein of interest and its environment, we tested three more

fusion proteins in experiments analogous to those of Figure 1.

Using HaloTags and SNAP-tags, we labeled ManII, the mito-

chondrial matrix protein OMP25 (Nemoto and De Camilli,
1999), and the vesicle coat protein clathrin light chain (CLC; Gai-

darov et al., 1999) with SiR (Figure 3A). For all proteins tested, the

SiR signal was noticeably dimmer in the SNAP-tagged cells. This

difference was reflected in both the labeling efficiency (Fig-

ure 3B), which is useful but can mask smaller differences, and

the labeling intensity of individual cells (Figures 3C and S6).

These four pairs of different proteins showed that the extent of

the labeling effect can be variable; nevertheless, the general

trend was an �2- to 6-fold higher labeling intensity with Halo

tags. Interestingly, the labeling effect appeared to be greater

for transmembrane proteins at the Golgi, potentially due to the

local membrane environment. Additional investigation of the

photophysical properties of SiR conjugated to Halo and SNAP

tags in fluorimetry experiments showed a 3-fold difference in

the extinction coefficient between the two conjugates (Table

S1). Taking the small difference of the reported quantum yield

into account (Lukinavicius et al., 2013), this would represent a

4-fold difference in the brightness of the conjugates, consistent

with the difference in labeling brightness observed in cells.

Next, we hypothesized that the dye itself may influence the

labeling brightness as different dyes might differentially sense

the local environment within HaloTags and SNAP-tags. Thus,

we labeled the four SNAP/Halo fusion proteins of ST, ManII,

OMP25, and CLC with tetramethylrhodamine (TMR) (Figure S7),

which is nearly structurally identical to SiR. TMR substitutes a di-

methylsilyl group in SiR with an oxygen, which renders it less

electrophilic. As such, TMR is less prone to adopt a nonfluores-

cent spirolactone, making it less environmentally sensitive (Luki-

navicius et al., 2013). Indeed, the difference in brightness of cells

with TMR-labeled Halo and SNAP fusion proteins was consider-

ably smaller than the difference with SiR-labeled fusion proteins

(Figures 3D and S8). We also tested more rhodamine-based

dyes in Drosophila, using Halo-SNAP-aPKC. For TMR and its

brighter, azetidine-containing analog JF549 (Grimm et al.,

2015), we did not observe a significant difference in brightness

between Halo and SNAP tags when labeling egg chambers

with TMR- or JF549-containing CA or BG substrates, respec-

tively. In stark contrast, we observed a 4.5- to 9-fold difference

between SNAP and Halo tags when the same system was

labeled with SiR and its azetidine-containing analog JF646

(Grimm et al., 2015), respectively (Figures 3D and S9). As such

the JF549/JF646 azetidine dye pair shows the same trend as

the TMR/SiR dimethyl rhodamines dye pair, with the far-red

dyes showing brighter labeling with the HaloTag under otherwise

similar microscopy conditions (see representative image on Fig-

ure 3D, right).

We speculate that a combination of several factors might lead

to the above observations. The local environment of the tag pro-

tein (such as pH) as well as the polarity of its surface can influ-

ence the absorption and quantum yield of the dye attached to

it. To get a sense of whether the local environments around the

dye may differ for HaloTag and SNAP-tag proteins, we surveyed

the energy-minimized landscape of SiR tagged to SNAP and

Halo proteins, based on the known crystal structures of SNAP

(PDB: 3KZZ) and Halo proteins (PDB: 5VNP) (Liu et al., 2017). Af-

ter energyminimization, we noted the close proximity of the F143

and M174 residues with the SiR dye in the SiR-CA-Halo protein

(Figure S9), which might help stabilize the dye in the open state.

Finally, intrinsic dye properties, such as the polarity-dependent
Cell Chemical Biology 26, 584–592, April 18, 2019 587



Figure 3. Comparison of HaloTag and

SNAP-Tag Labeling with Various Fluoro-

phores of Various Targets in HeLa Cells

and Drosophila

(A) Confocal images of HeLa cells expressing Halo

and SNAP fusion proteins of sialyltransferase (ST),

mannosidase II (ManII), outer membrane protein 25

(OMP25), and clathrin light chain (CLC) that have

been labeled with the corresponding SiR sub-

strates. Scale bar: 20 mm.

(B) Labeling efficiency of different targets. The bar

graph shows the number of ManII-GFP-expressing

cells that were positive for labeling of a fusion

protein with SiR from three independent experi-

ments (total number of cells for ST: Halo, 740,

SNAP, 837; ManII: Halo, 344, SNAP, 436; OMP25:

Halo, 563, SNAP, 524; CLC: Halo, 630, SNAP, 460).

Left bars, Halo; Right bars, SNAP.

(C) Comparison of the ratio of the mean intensity of

various SiR-labeled Halo and SNAP fusion pro-

teins. The intensity distribution for each protein and

number of cells analyzed are shown in Figure S4.

(D) Comparison of the ratio of the mean intensity of

Halo and SNAP fusion proteins labeled with TMR,

JF549, SiR, and JF646 in HeLa cells andDrosophila

egg chambers. The intensity distribution for each

protein and number of cells analyzed are shown

in Figures S6 and S7. Inset shows the dramatic

difference in staining between JF646-CA and

JF646-BG in egg chambers. Scale bar: 20 mm.
fluorescence of SiR-based dyes (Erdmann et al., 2014; Lukinavi-

cius et al., 2013), can lead to a different brightness when tagging

various self-labeling proteins. Although the contributions of

these factors may be multifactorial, our results nevertheless

demonstrate that brighter labeling is generally achieved when la-

beling Halo fusion proteins with SiR dyes.

Halo/SiR Tagging Is Superior in STED Nanoscopy
Importantly, SiR-based dyes (e.g., SiR and JF646) represent a

very important dye class for STED nanoscopy due to their bright-

ness and photostability (Bottanelli et al., 2016, 2017; Erdmann

et al., 2014; Lukinavi�cius et al., 2015, 2016, 2014). Near-infrared
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(IR) dyes avoid cellular green/red auto-

fluorescence, and near-IR light is known

to cause much less phototoxicity than

green light (Waldchen et al., 2015). Most

importantly, SiR dyes, unlike dyes of other

classes, are compatible with live-cell su-

per-resolution microscopy since they are

cell permeative. Thus, we investigated

the difference between SNAP-tag and

HaloTag labeling with SiR dyes in the

context of STED microscopy.

First, we imaged the Golgi in HeLa

cells transiently expressing ManII-Halo

and ManII-SNAP, both labeled with SiR,

in confocal and STED mode (Figure 4A

and Video S1). As expected, we observed

an improvement in resolution in the STED

mode compared with the confocal mode.

Strikingly, the initial brightness of the
Halo-labeled proteins was about 3-fold brighter than that of

SNAP-labeled proteins (Figure 4B). The STED kymographs (Fig-

ure 4A) and bleaching profile (Figure 4C) show that only the sam-

ple labeled using HaloTag was bright for over 100 s. These find-

ings are consistent with a recent single-molecule tracking study,

which reported that HaloTag conjugates are more photostable

than SNAP-tag conjugates (Presman et al., 2017). As a second

example, we imaged CLC, which labels clathrin-coated endo-

cytic pits. Showing the power of STED, clathrin-coated pits

appeared as blurry spots in confocal images, but appeared as

donuts in STED images, with the expected diameter of approx-

imately 100 nm (Figure 4D) (Huang et al., 2013). Similar to the



Figure 4. Comparison of Halo and SNAP Tagging in Live-Cell Super-Resolution Imaging

(A) STED images of HeLa cells that are transiently expressing ManII-Halo or ManII-SNAP and that have been labeled with SiR-CA or SiR-BG, respectively (scale

bar: 2 mm). The insets show the confocal image of the region highlighted with the green box. The vertical dark and light green lines indicate where the kymographs

shown in themiddle were taken (scale bar: 60 s). The plots show the average fluorescent signal as a function of position between the arrows shown in the confocal

and STED images (dots, measured values; lines, fit).

(B) Average initial intensity of STED movies of HeLa cells treated as described in (A) (n = 4 cells).

(C) Average intensity over time of STED images of HeLa cells treated as described in (A) (n = 4 cells).

(D) STED images of HeLa cells that are expressing Halo-CLC or SNAP-CLC and were labeled with SiR-CA or SiR-BG, respectively. The green boxes highlight

clathrin-coated pits with a hollow center. Magnifications of the clathrin-coated pits highlighted with the dashed green boxes are shown in the upper right corner

(scale bar: 1 mm). The plots show the average fluorescent signal as a function of position between the arrows shown in the STED images (dots, measured values;

lines, fit).

(legend continued on next page)
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Golgi labeling, the HaloTag-labeled clathrin structures exhibited

a brighter fluorescent signal (Figure S8) and more of them

showed a clearly resolved hollow center, compared with

SNAP-tagged structures. These observations demonstrate that

the tags differentially affected STED image quality.

Third, we imaged Halo-SNAP-aPKC labeled with JF646 in live

Drosophila egg chambers by STED microscopy. As expected,

the STED images exhibited 2-fold higher resolution than the

confocal images, independent of the tagging system. However,

the aPKC labeled with JF646-CA was 2.5-fold brighter than the

aPKC labeled with JF646-BG (Figure 4F). The difference in

brightness also had a significant impact on the time span over

which the signal could be observed. As shown in the kymo-

graphs, egg chambers in which Halo-SNAP-aPKC was labeled

with JF646-CA still showed a bright signal after 170 s, whereas

the signal in egg chambers labeled with JF646-BG was hardly

distinguishable from background signal at this period (Figure 4G

and Video S2).

Together these three different examples strongly argue that

Halo tagging is superior to SNAP tagging for live-cell STED imag-

ing when using SiR-based dyes. Halo proteins tagged with SiR

give a brighter signal, which leads to higher quality images and

allows the acquisition of more images.

Guidelines for the Usage of Self-Labeling Proteins for
Imaging Applications
For single-color imaging of SiR-based dyes, by either confocal or

STED microscopy, we recommend Halo tagging as a first

choice, since it provides fluorescence that is brighter and less

prone to bleaching rapidly. For two-color imaging, both the

brightness and the environmental sensitivity of the dyes need

to be taken into account in deciding which dye should be paired

with which self-labeling protein. As Halo- and SNAP-tagging

strategies are orthogonal, a reasonable strategy would be to

use the less bright and/or more environmentally sensitive dye

with Halo tagging; the brighter and less environmentally sensitive

dye should be used with SNAP tagging (for examples, see Bot-

tanelli et al., 2017; Bottanelli et al., 2016). Similar considerations

can be extrapolated to single-molecule-switching microscopy

modalities (also termed PALM or STORM), as the brightness of

a label in this super-resolution technique directly correlates

with the localization precision/resolution.

SIGNIFICANCE

Self-labeling proteins are the method of choice for cova-

lently attaching dyes to proteins for imaging applications

that demand bright and photostable fluorophores. In partic-

ular, STED microscopy, but also other super-resolution

methods, and long time-lapse 3D microscopy heavily rely

on self-labeling proteins. In our study, we systematically

compared two self-labeling proteins, SNAP-tags and Halo-
(E) STED images ofDrosophila egg chambers expressing Halo-SNAP-aPKC that h

a confocal image of the area in the green dashed box. The values indicate the f

bar: 2 mm.

(F) First frame of an STED video of Drosophila egg chambers that have been tre

kymographs shown next to it have been taken. Scale bar: 100 s.

(G) Average initial intensity of STED movies of Drosophila egg chambers that hav

590 Cell Chemical Biology 26, 584–592, April 18, 2019
Tags, with respect to expression levels, substrate perme-

ability, target protein, and dye used for labeling. The results

show that when using silicone rhodamine derivatives, Halo

tagging is far superior to SNAP tagging, resulting in typically

�4-fold brighter structures and correspondingly longer live-

cell STED movies. The differences shown here are depen-

dent on both the protein of interest and the labeling dye.

We further suggest dual-labeling strategy guidelines to

help avoid testing of all combinations of dyes and self-label-

ing proteins.
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idth half-maximum of line profiles taken between the arrowheads. Scale

as described in (E). Scale bar: 1 mm. The green lines indicate where the

een treated as described in (E) (Halo, n = 4; SNAP, n = 6).
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

SiR-HaloTag ligand (SiR-CA) Promega N/A (gift)

SiR-SNAP-tag ligand (SiR-BG) Lukinavicius et al., 2013 N/A (gift)

TMR-HaloTag ligand (TMR-CA) Promega Cat# G8251

TMR-SNAP-tag ligand /SNAP-Cell�
TMR-Star (TMR-CP)

NEB Cat# S9105S

JF646-HaloTag ligand (JF646-CA) Grimm et al., 2015 N/A

JF646-SNAP-tag ligand (JF646-BG) Grimm et al., 2015 N/A

JF549-HaloTag ligand (JF549-CA) Grimm et al., 2015 N/A

JF549-SNAP-tag ligand (JF549-BG) Grimm et al., 2015 N/A

MeSiR-HaloTag ligand (MeSiR-CA) Lukinavicius et al., 2013 N/A

MeSiR-SNAP-tag ligand (MeSiR-BG) Lukinavicius et al., 2013 N/A

Experimental Models: Cell Lines

HeLa ATCC ATCC CCL-2

Experimental Models: Organisms/Strains

Cas9 expressing fly line CFD2 Port et al., 2015 N/A

Oligonucleotides

Primers and gBlock Used for Site-Directed

Mutagenesis

This paper N/A

Software and Algorithms

Prism Graphpad Graphpad Graphpad.com

Pymol Schrödinger https://www.schrodinger.com/pymol

UCSF Chimera Pettersen et al., 2004 N/A

YASARA Krieger and Vriend , 2015 N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Derek

Toomre (derek.toomre@yale.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture
HeLa cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS)

(Sigma-Aldrich), penicillin (100 unit/mL) and streptomycin (100 mg/mL). The cells were cultured at 37�C in a CO2/air (5%/95%) incu-

bator. The sex of these cell lines is female.

Drosophila
Cas9 expressing fly line CFD2 in which the Cas9 protein is expressed from the nanos promoter was described earlier (Port

et al., 2015).

METHOD DETAILS

Fly Stock
The aPKC gene was tagged using the CRISPR/Cas9 system. A CRISPR target 60bp 3’ of the initiating methionine codon (GAA

TAGCGCCAGTATGAACATGG) was targeted using an in vitro transcribed guide RNA prepared as described by Bassett (Bassett

et al., 2013). The sgRNA was co-injected with a homologous recombination donor plasmid – pCRII/HASP-aPKC in which a Halo-

SNAP double tag was flanked by 1.2 and 2.0kb left and right homology arms from the aPKC gene inserted into pCRII TOPO cloning
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vector (Invitrogen). The CRISPR site was modified in the donor to prevent cleavage of the donor. Guide and donor were injected into

embryos (80ng/ul and 300ng/ul respectively) from the Cas9 expressing fly line CFD2 (Port et al., 2015) in which the Cas9 protein is

expressed from the nanos promoter.

Single adult flies from the injection were mated to yw flies and were left to produce larvae, after which the adult was recovered for

analysis. PCR analysis of the F0 parent, using primers specific for the insertion of the HaSP tag, was carried out to identify individuals

most likely to yield insertions. 10-12 F1 progeny from these flies were then singly mated to the appropriate balancer stock, following

which the F1 parent was sacrificed to confirm insertion of the HASP tag. This resulted in four separate lines of HaSP-aPKC flies

derived from two separate F0 individuals.

Plasmids
ManII-GFP

ManII-GFP (Lavieu et al., 2013) was used in a previous study.

ST-SNAP-HA and ST-Halo-HA

ST was amplified from ST-RFP (a gift from the Roher lab) as a 5’EcoRI-3’XbaI PCR fragment and cloned into an EcoRI-XbaI digested

pC4S1 plasmid (Takara Bio Inc). The HA tag sequence is part of the pC4S1 plasmid (following the SpeI site).

ManII-SNAP and ManII-Halo

Myc-SNAP was amplified from pSNAPf (NEB) as a 5’XbaI-3’SpeI PCR fragment and cloned into the XbaI-SpeI digested ManII-Halo

(Bottanelli et al., 2016).

SNAP-OMP25 and Halo-OMP25

Halo was amplified from the pFN23K-Halo plasmid (Promega, G2861) as a 5’XbaI-3’SpeI PCR fragment and cloned into a XbaI-SpeI

digested SNAP-OMP25 (Bottanelli et al., 2016) plasmid.

SNAP-CLC and Halo-CLC

Clatharin Light Chain (CLC) was vector obtained from the Bewersdorf lab (Huang et al., 2013)SNAP and Halo were amplified and

placed in the CLC vector using Age1 and Xho1.

Transfection
For Confocal Imaging

Hela cells were seeded in 24 well plates with glass coverslips the day before transfection. Cells were transfected with 0.5 mg (4 mg for

CLC) of either the SNAP or Halo fusion protein encoding plasmid and 0.25 mg of theManII-GFP encoding plasmid using 2 mL Lipofect-

amine 2000 (life technologies) per well following the manufacturer’s protocol.

For STED Imaging

Cells were seeded in 35mmglass bottom dishes (Mattek P35G-1.5-14-C). Cells were transfected with plasmids encoding ST-SNAP-

HA or ST-Halo-HA (�1 mg), ManIIGFP (�0.5 mg) and 10 mL of Lipofectamine 2000. Alternatively, cells were transfected with 8 mg of the

plasmids encoding SNAP-CLC or Halo-CLC.

Live Cell Labeling (Hela)
Cells were seeded in 35 mm glass bottom dishes. Cells were transfected with plasmids encoding Halo or SNAP tag fusion proteins

(�1 mg) as well asManIIGFP (�0.5 mg) and 10 mL of Lipofectamine (2000). One day after transfection, cells were incubatedwith 2.5 mM

of dye-substrate respectively in DMEM for 1 h at 37�C. Subsequently, the cells were washed three timeswith DMEMand placed back

in the incubator for a 2 hour washout of the dye before imaging.

Cells transiently expressing either a Halo or SNAP-tag fusion protein were incubated with 2.5 mMof SiR-HaloTag-ligand (a gift from

Promega) or SiR-SNAP-tag ligand (a gift from Kai Johnsson, EPFL), respectively in DMEM for 1 h at 37�C. For STED experiments,

5 mM solutions of the ligands were used. For labeling with TMR, cells were incubated for 30 mins with 100 nM of HaloTag� TMR

Ligand (a gift from Promega) or SNAP-Cell� TMR-Star (NEB). Subsequently, the cells were washed three times with DMEM and

placed back in the incubator for a 2 hour washout of the dye before imaging.

Note: SNAP-Cell� TMR-Star is a chloropyrimidine substrate for SNAP tag that has been shown to perform better than TMR-BG

(Ivan et al., 2013).

Egg Chamber Labeling
Ovaries (female flies) were dissected in PBS and fixed in 4% PFA (in PBS) for 30 min at room temperature. Samples were washed 3x

5min in PBS. For SiR/TMR comparisons samples were stained with either Halo-SiR and SNAP-TMR, or Halo-TMR and SNAP-SiR, all

diluted to 0.6 mM in PBS. For JF549/JF646 comparisons samples were stained with either Halo-JF646 and SNAP-JF549, or Halo-

JF549 and SNAP-JF646, diluted to 0.5 mM in PBS (Grimm et al., 2015). Samples were stained at 37�C with shaking for 30 min. Sam-

ples were then washed 6x 10 min in PBT (0.1% Triton X-100) and mounted in Vectashield with DAPI.

Cell Fixation
Cells were washed 3 times with PBS (American Bioanalytical) and fixed with 4%PFA (Electron Microscopy Sciences) for 20 minutes.
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Concentration Dependent Labeling Studies
Hela cells were transfected with ST-Halo-HA or ST-SNAP-HA and incubated with different concentrations of SiR substrates at 37�C
for 1 h. Subsequently, the cells were washed 3 times with medium and incubated with fresh medium for 2 h at 37�C. The cells were

fixed as described above and imaged using a confocal microscope.

Pulse Chase Studies
Hela cells were transfected with ST-Halo-HA or ST-SNAP-HA and incubated with different concentrations of SiR substrates at 37�C
for 30 min. The cells were washed once and 2.5 mM of TMR substrate was added and the cells were incubated for 30 min at 37�C.
Subsequently, the cells were washed 3 times with medium and incubated with fresh medium for 2 h at 37�C. The cells were fixed as

described above and imaged using a confocal microscope.

Immunolabeling
After fixation the cells were permeabilized with 0.1% Triton X (American Bioanalytical) for 10minutes. They were washed 3 times with

PBS. The cells were blocked with 3% IgG free BSA (Accurate Chemicals). The primary HA antibody (Covance) was diluted 1:1000 in

3% BSA. Subsequently, the cells were incubated with this solution for 1 h at room temperature. The cells were then washed 3 times

with 3% BSA and labeled with the secondary antibody for 30 minutes at room temperature. Depending on the original live cell stain-

ing, the secondary antibody was either Alexa 546 goat anti-mouse (Halo/SNAP-tag labeling with SiR) or Alexa 647 goat anti-mouse

(Halo/SNAP-tag labeling with TMR) (Invitrogen). The secondary antibody was diluted 1:1000 in 3%BSA. Subsequently the cells were

washed 3 timeswith PBS and oncewith water. Next, theyweremounted onto glassmicroscopes slideswith ProLong�Gold Antifade

(Life Technologies). The slides were protected from light overnight at room temperature before imaging.

SNAP and Halo-tag Labeling after Fixation and Permeabilization
Cells transiently expressing either a Halo or SNAP tag fusion protein were fixed as described above and permeabilized with 0.1%

TritonX for 5 min. Subsequently they were labeled in analogy to the live cell with the exception that the substrates were dissolved

in 3% BSA. After washing three times with DMEM the cells were mounted as described above.

Confocal Imaging of Labeled Hela Cells
Images were taken on a Zeiss 510 Confocal, using a 63x 1.4 Oil DIC objective. GFPwas excited with a 488 nm laser at a 35% intensity

and detected after a 505-530 band pass filter and a pinhole set to 98 mm. TMRand Alexa 546were exitedwith a 543 nm laser at a 30%

intensity and detected after a 560-615 band pass filter and 100 mm pinhole. SiR and Alexa 647 were excited with a 633 nm laser at an

11% intensity and detected after a 650 nm long pass filter and a pinhole set to100 mm.

Confocal Imaging of Egg Chambers
Images were taken on a Leica SP8 Confocal, using a 63x 1.4 Oil objective. The tunable filters were set up with singly stained samples

to ensure that no signal from the TMR/JF549 channel could bleed through to the SiR/JF646 channel or vice versa. Laser levels were

set to ensure no pixels were saturated to enable accurate signal quantification, and all images using the same fluorophores were

obtained with identical acquisition settings.

STED Microscopy of Labeled Hela Cells
STED imaging was performed on a custom built system (Bewersdorf lab, Yale University) centered around an 80 MHz mode-locked

Ti:Sapphhire laser (Chameleon Ultra II, Coherent) tuned to 755 nm as the STED depletion beam (For more details on the instrument

see Supplemental Information of an earlier publication(Erdmann et al., 2014)). Imaging of SiR labeled ManII (Figure 4A) was achieved

with 640 nm excitation, 40 nm pixel size, a 512 by 512 image format, 775 nm STED laser, and 32 accumulations per line resulting in a

frame rate of 0.98 fps. Imaging of SiR labeled CLC (Figure 4D) was achieved with 640 nm excitation, 10 nm pixel size, a 1024 by 1024

image format, 755 nm STED laser, and 120 accumulations per line resulting in a frame rate of 0.26 fps.

STED Microscopy of Labeled Egg Chambers
Ovaries were dissected in Express Five + Glutamate medium (Life Technologies), supplemented with 10 mg/ml insulin (I9278, Sigma)

containing 1 mMdye. After staining (15min for SiR, 20min for JF646), dissected ovarioles were transferred to Express Five containing

no dye, to wash for 30 min. Ovarioles were transferred to Poly-L-Lysine coated 8-well m-Slides (80824, Ibidi) with �200 ml medium.

Ovarioles were imaged on a custom build STEDmicroscope similar to the one described above, with a 100x Oil objective, STED laser

(775 nm) power of �120 mW and a 640 nm laser for sample excitation. The 512 by 512 images were recorded with 60 line accumu-

lations and a pixel size of 19.53 nm, resulting in a frame rate of 0.52 fps.

STED Image Processing
For improved presentation in Figure 4 as well as Videos S1 and S2 the raw microscopy data were Gaussian blurred (0.5 pixels) in

ImageJ. For Figure 4A and Video S1, four recorded frames were summed to obtain one image or one frame of themovie, respectively
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(3.91 sec/frame). For Video S2 as well ass Figures 4E and 4F, five frames were summed to obtain one image or one frame of the Video

(9.53 sec/frame).

Image Analysis (Hela Cells)
Labeling Efficiency

All cells positive forManII-GFPwere identified and if the same cell was also positive for labeling of a fusion protein (Golgi-like structure

visible) it was counted as labeled (Figures 1A, 2C, and 3B).

Labeling Intensity

The mean intensity of each labeled area (Golgi, mitrochondria, clathrincoated pit) was subtracted from the mean intensity of an unla-

beled area (background) using Image J. Over 270 cells were analyzed from at least three independent experiments for each condition

(Figures 1C, 3C, and 3D).

Transfection Efficiency

All cells positive for ManII-GFP were identified and if the same cell was also immunolabeled with an anti-HA antibody it was counted

as successfully transfected (Figure 2B).

Expression Level

The mean intensity of each immunolabeled Golgi was subtracted from the mean intensity of an unlabeled area (background) using

Image J (Figure 2D).

Image Analysis (Drosophila Egg Chambers)
Labeling Intensity

At least five experiments were performed to measure the SNAP and Halo staining for each dye, with between 7 and 14 images

analyzed for each experiment (Figure 3D). We created a custom plugin (available on request) for ICY (de Chaumont et al., 2012)

to perform semi-automated quantification of aPKC labelling of egg chambers in whole images or user-defined regions. The signal

area wasmapped using a threshold calculated by applying the Renyi entropymethod (Kapur et al., 1985) to a difference of Gaussians

processed copy of the image (sigma=4, k=1.4) and extracting the composite of all regionswith aminimum area of 500 px (16.24 mm2).

The mean intensity of the mapped line is measured as signal, and the area outside of the line is measured as background. Measure-

ments were obtained for signal and background for both the TMR (or JF549) and SiR (or JF646) channels and recorded in Excel.

Background corrected measurements were recorded in GraphPad Prism for further analysis.

Production of Plasmids Encoding SNAP-tag-His6 and Halo-tag-His6
For these experiments, we prepared SNAP and Halo-tag constructs bearing a C-terminal His6 tag for overexpression and purification

from E. coli. A plasmid encoding SNAP-tag-His6 was prepared using Gibson assembly. A gBlock encoding SNAP-tag-His6
(SNAP26b) was purchased from Integrated DNA Technologies. SNAP-tag-His6 was inserted into a linearized pET vector (pET32A,

Novagen) using Gibson Assembly� MasterMix (NEB) in accordance with the manufacturer’s protocol. His6HaloTag� T7 Vector

was purchased from Promega. The His6HaloTag� T7 Vector was modified to encode Halo-tag-His6 in two rounds of mutagenesis.

First, the N-terminal His6 tag was excised from the vector. Next, a His6 tag, followed by a stop codon, was inserted into the C-ter-

minus of Halo-tag by site-directed mutagenesis.

Primers Used for Site-Directed Mutagenesis
Excision of N-terminal His6 tag from HaloTag� T7

50-CATGATGAATTCTCCTTAGTAAAG-30

50-GCAGAAATCGGTACTGGC-30

Insertion of C-terminal His6 tag into HaloTag� T7

50-CTAATGGTGATGGTGATGGTGGCCGGAAATCTCGAGCGTC-30

50-GAGCCAACCACTGAGGATC-30

Linearization of PET32A for Gibson Assembly

50-ATGTATATCTCCTTCTTAAAGTTAAACAAAATTATT-30

50-TAACAAAGCCCGAAAGGAAG-30

gBlock Encoding SNAP-tag-His6
The requisite overhangs for the Gibson assembly reaction are shown in lowercase.

tttaagaaggagatatacatATGGATAAAGATTGTGAGATGAAGCGCACCACACTTGACTCACCGCTGGGGAAACTTGAATTGTCGGGAT

GCGAGCAAGGTTTGCATGAGATTAAGCTGTTAGGTAAAGGAACATCTGCCGCAGACGCCGTCGAAGTTCCTGCCCCGGCTGCGG

TCTTAGGGGGTCCAGAGCCCCTTATGCAGGCGACTGCCTGGCTTAATGCCTACTTCCACCAACCAGAAGCCATCGAGGAATTTCC

GGTTCCGGCACTGCACCACCCTGTTTTCCAACAAGAGAGCTTCACACGTCAGGTGTTGTGGAAGCTGTTAAAAGTTGTTAAATTTG

GAGAGGTCATCTCATACCAACAGTTAGCCGCACTGGCCGGTAATCCGGCGGCAACAGCAGCCGTCAAAACAGCCCTGAGTGGTA

ATCCAGTACCTATCTTAATCCCCTGCCATCGCGTTGTGAGTTCGAGCGGTGCAGTCGGCGGTTATGAAGGAGGTTTAGCAGTGAAG

GAGTGGTTACTGGCCCATGAGGGTCATCGTCTGGGGAAGCCGGGCTTAGGTCATCACCATCACCACCACtaacaaagcccgaaagg.
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Expressed Protein Sequences
Halo-tag-His6
MAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAPDLIGMGKSDKPDLGYFFDDHVRFMD

AFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPL

TEVEMDHYREPFLNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGL

NLLQEDNPDLIGSEIARWLSTLEISGHHHHHH

SNAP-tag-His6
MDKDCEMKRTTLDSPLGKLELSGCEQGLHEIKLLGKGTSAADAVEVPAPAAVLGGPEPLMQATAWLNAYFHQPEAIEEFPVPALHHPVF

QQESFTRQVLWKLLKVVKFGEVISYQQLAALAGNPAATAAVKTALSGNPVPILIPCHRVVSSSGAVGGYEGGLAVKEWLLAHEGH RLGK

PGLGHHHHHH.

Overexpression of Halo-tag-His6 and SNAP-tag-His6
Plasmids encoding Halo-tag-His6 and SNAP-tag-His6 were transformed into BL21(DE3) pLysS Competent Cells (Agilent Technolo-

gies). Single colonies were used to inoculate 5 mL of LBmedium supplemented with ampicillin (100 mg/mL). The cultures were grown

at 37�C with shaking at 220 rpm. The primary cultures were used to inoculate 1 L of LB medium supplemented with ampicillin. The

secondary culture was grown at 37�C until the OD600 reached 0.6. The secondary culture was then cooled to 18�C and protein

expression was induced by the addition of IPTG (238mgs, final concentration 1mM). After 12 hrs, the cells were harvested by centri-

fugation and lysed in 20 mL of 20 mM Tris pH 8.0, 150 mM NaCl, and 1 mM DTT supplemented with one protease inhibitor tablet

(cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail, Sigma). After clearing the lysate by centrifugation, 2 mL of TALON� resin

was added to the lysate and incubated for 1 hr at 4�C. The resin was then transferred to a disposable column and washed with

2 X 20 mM Tris pH 8.0, 150 mM NaCl followed by a wash with 2 X 20 mM Tris pH 8.0, 1 M NaCl, 1 mM DTT and 10 mM imidazole.

Next, the proteins were eluted from the resin in 1 mL aliquots with 20 mM Tris pH 8.0, 150 mM NaCl, 1 mM DTT containing 250 mM

imidazole. Elution fractions were analyzed by SDS-PAGE, and the cleanest fractions were pooled and dialyzed overnight into 20 mM

Tris pH 8.0, 150 mM NaCl, containing 1 mM DTT at 4�C. Finally, the concentration of Halo-tag-His6 and SNAP-tag-His6 was deter-

mined with the Pierce� 660 nm Protein Assay Reagent using bovine serum albumin (BSA) as a standard.

SDS-PAGE Analysis of Halo-tag-His6 and SNAP-tag-His6

Mass Spectrometry Analysis of SNAP-tag-His6 and Halo-tag-His6
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Absorbance Experiments
First, wemeasured the concentration of each concentrated stock solution (BG-SiR andCA-SiR) by diluting an aliquot of each dye into

enzyme buffer (20 mM Tris pH 8.0, 150 mM NaCl, 1 mM DTT) containing 0.1% SDS. The concentration of each stock solution was

determined using a previously reported extinction coefficient(Lukinavicius et al., 2013) (100,000M-1 cm-1) corresponding to each dye

dissolved in 0.1% SDS. To estimate the extinction coefficient of each dye in the absence of enzyme or SDS, we prepared 10 mM

solutions of each dye in buffer. In the absence of enzyme or SDS, we measured an extinction coefficient of 10,100 M-1 cm-1 and

8,300 M-1 cm-1 for SiR-BG and SiR-CA, respectively. To estimate the extinction coefficient of SNAP-SiR and Halo-SiR, we prepared

equal volume solutions containing 10 mM of each dye in the presence of 3 molar equivalents (30 mM) of each enzyme, incubated the

solutions for 1.5 hrs at 37�C, andmeasured the resulting absorbance, which should correspond to a 10 mMsolution of labeled protein.

We determined an extinction coefficient of 43’200 M�1 cm�1 for SNAP-SiR and 130,200 M�1 cm�1 for Halo-SiR. To ensure that all of

the free dye was consumed in the reaction, we repeated the experiment in the presence of 6 molar equivalents (60 mM) of each

enzyme and measured the resulting absorbance. The increase in absorbance was the same whether 3 or 6 molar equivalents of

enzyme was added in each case, demonstrating that all of the dye was consumed in the presence of excess protein.

Energy Minimization
The fused molecules of SiR-CA and SiR-BG were generated by UCSF Chimera (Pettersen et al., 2004), and the figure was prepared

with PyMol (Schrödinger). Energy minimization were performed using YASARA (Krieger and Vriend, 2015).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was determined using two-tailed unpaired t-tests in Prism Graphpad. n-values are indicated in text or figure

legends. P-values were indicated as follows: ns: p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001. If not indicated other-

wise, data are shown as means ± SD of three or more independent experiments.
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